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ABSTRACT 
 
Sodium peroxide (Na2O2) fusion coupled to Inductively Coupled Plasma Tandem Mass 
Spectrometry (ICP-MS/MS) measurements was used to rapidly screen quartz-rich geological 
samples for rare earth element (REE) content. The method accuracy was checked with a 
geological reference material and Instrumental Neutron Activation Analysis (INAA) 
measurements. The used mass-mode combinations presented accurate results (only exception 
being 
157
Gd in He gas mode) with recovery of the geological reference material QLO-1 
between 80 to 98% (lower values for Lu, Nd and Sm) and in general comparable to INAA 
measurements. Low limits of detection for all elements were achieved, generally below 10 pg 
g
-1
, as well as measurement repeatability below 15%. Overall, the Na2O2/ICP-MS/MS method 
proved to be a suitable lab-based method to quickly and accurately screen rock samples 
originating from quartz-rich geological areas for rare earth element content; particularly 
useful if checking commercial viability. 
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1. Introduction 
 
The rare earth elements, often abbreviated as REEs, are a group of 17 elements including the 
lanthanides (Z=57 to 71), Sc and Y. They are extensively used in studies relating to the origin 
of volcanic rocks, sedimentology and processes in oceanography (Rousseau et al. 2013; Chen 
et al. 2014) and in particular the measurement of the 
147
Sm/
143
Nd and 
176
Lu/
177
Hf isotopic 
systems are considered valuable tracers in environmental science (Baker et al., 2002; Iizuka et 
al., 2011). REEs (mainly La, Eu, Gd, Tb and Yb) extracted from mines are also employed in 
high-technology applications, such as fluorescent lamps, radar screens and plasma displays as 
well as in auto exhaust absorption catalysts and high technology glasses (U.S.DE2011; 
EC2014). Their determination in geological samples is therefore important for a number of 
scientific and commercial applications. 
The chemical similarity of REEs, combined with their generally low amount and their 
presence as mixtures of rare earth minerals, makes their determination challenging and 
dependant on the extraction method and instrumental techniques used (Zawizsa et al., 2011). 
One of the most sensitive techniques available for the determination of REEs is the 
Instrumental Neutron Activation Analysis (INAA), a solid-sample technique considered to be 
of high accuracy and reliability and often referred to as a primary method (Greenberg et al., 
2011). INAA does not require a chemical pre-treatment of the samples and is particularly 
suitable for the characterisation of complex matrices such as the geological ones. Moreover, 
when measuring REEs only a few interferences, spectral and competitive nuclear reactions, 
are encountered, which makes this technique an appropriate choice (El-Taher, 2010). The 
main disadvantages of INAA are the need for relatively long times of analysis, high costs and 
its availability to a restricted research community. Most of the REEs (with the exception of 
Pr, Tb, Ho and Tm) have two or more isotopes and the isotopic determination with a mass 
spectrometer (Inductively Coupled Plasma Mass Spectrometry; ICP-MS) is usually employed 
as an alternative to INAA (Longerich et al., 1987; Rousseau et al., 2013). Two main aspects 
need to be considered when performing ICP-MS analysis of geological samples: on one side a 
digestion/dissolution procedure prior to analysis is commonly required which can introduce a 
consistent bias into the whole procedure. On the other side, REEs can generate significant 
isobaric interference, especially at lower concentration levels, predominantly hydride (MH
+
) 
and oxide (MO
+
) ions derived from other elements and/or other REEs (Moldoveanu and 
Papangelakis, 2013), that can affect the final results. Isobaric interference may occur in the 
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REE mass region, in particular from other elements such as Ba (i.e. 
138
Ba on 
138
La and 
138
Ce) 
or other REEs (e.g. 
138
Ce on 
138
La or 
176
Yb on 
176
Lu), as well as from oxide (e.g. 
136
Ce
16
O
+
 on 
152
Sm; 
142
Ce
16
O
+
 on 
158
Gd) and hydroxide ions (e.g. 
136
Ce
16
OH
+
 on 
153
Eu) formed in the 
instrument interface region or reaction cell. Inductively coupled plasma (ICP) tandem mass 
spectrometry (MS/MS) is a comparatively new technique that can be used successfully to 
resolve this problem. In particular, the Triple Quadrupole ICP-MS is equipped with an 
additional quadrupole mass analyser before the reaction cell and analyser quadrupole which 
acts as a separator of the masses before they enter the reaction cell, in this way minimising the 
effect of matrix interferences on the final results and ensuring low limits of detection (Ohno et 
al., 2013). Different reaction modes can be preselected, direct (on mass) mode or indirect 
(mass-shift) mode. In the on-mass mode, interferences are removed by reaction with a chosen 
cell gas (He or H2) and the element is measured at its original mass/charge ratio. While in 
indirect (mass-shift) mode, the REE (with the exception of Eu and Yb) can be converted into 
oxide ions by reacting with O2 and detected at a different mass free of interfering isotopes.  
Geological samples have to be digested before REEs can be determined. A number of 
digestion methods employing different acids (e.g. HNO3, HCl, HClO4, HF, etc.) and 
combination of acids can be and have been used. In particular HF is usually employed to 
dissolve refractory minerals, with the disadvantage of being harmful for health and requiring a 
specific ICP-MS sample introduction system. Alternatively, alkaline fusion, typically with 
sodium peroxide Na2O2, has proven to be effective for a number of different matrices, such as 
ultramafic rock, sediments, soils, and granite (Bayon et al., 2009), with the strong advantage 
of being less toxic and easier to handle when compared to HF. The only drawback: high 
amounts of sodium can cause clogging of the sample introduction system and high dilution 
factors are thus required, that can bring concentrations down below instrumental limits of 
detection. A limitation especially encountered if using an ICP-AES (Inductively Coupled 
Plasma Atomic Emission Spectroscopy), but a minor problem with an ICP-MS. 
Laboratories are constantly in search of analytical methods able to determine rare earth 
elements rapidly and accurately, with a minor health risk for the analysts. In this study, 
sodium peroxide fusion was used to dissolve quartz-based geological samples, followed by 
determination of REEs content with a Triple Quadrupole ICP-MS. The accuracy of the 
method was evaluated by using a geological reference material and INAA measurements 
performed in parallel to the ICP-MS/MS analysis.  
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2. Materials and methods 
 
2.1. Sample collection and characterisation 
 
Six rock samples were collected in the Blaenau Ffestiniog area (North Wales, United 
Kingdom, 53°00′ N 3°57′ W, Figure 1), where minerals rich in rare earth elements such as 
allanite, xenotime and synchysite have previously been identified (BGS2011; Jordens et al., 
2013). Geologically, the area is located over several different rock types, including 
sedimentary bedrock, siltstone constituted of silica minerals and rhyolite igneous intrusions 
from silica rich magma. Once in the laboratory, samples were milled to a particle size < 2 mm 
by using a jaw crusher (BB200, Retsch) and stored in a cool, dry place until digestion and 
analysis.  
X-ray diffraction (XRD) analysis were carried out to identify specific minerals rich in REEs. 
XRD patterns were collected using a Philips X’pert MPD diffractometer with a Cu-K 
radiation (=1.54 nm) operated at max 40 kV and 30 mA with 2θ varying from 4º to 90º, step 
size 0.02º. The qualitative analysis was performed using the software X’pert HighScore. In 
particular, the search-match function of the software, based on RIR (Reference Intensity 
Ratio) method, was used to identify the main components of the samples. After smoothing 
and background correction, the spectral lines were identified by using the top of the smoothed 
peak and matched without restriction to the ones from the software database. 
The elemental composition (Al, Ba, Co, Cr, Fe, Rb, Ti, V, Zn and Zr) was also determined in 
solid samples by using INAA. 
 
2.2. ICP-MS/MS determination 
 
Samples were digested using sodium peroxide (Na2O2) according to Meisel et al. (2001). Two 
grams of Na2O2 ( 93%, Sigma Aldrich) were mixed with 0.3 g of rock powder in a dry 
nickel crucible, evenly stirred and heated up to 450°C for 30 minutes. A few drops of water 
were then gently added to the melt, followed by 2 mL of concentrated HNO3. The final 
solution, which did not present any deposit, indicating a complete dissolution of the sample, 
was diluted with deionised water prior to analysis.  
The geological reference material quartz-latite U.S.GS QLO-1 (Oregon, USA) was used to 
check the method accuracy. The selection of this material was based on the match of the bulk 
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composition of the collected samples, particularly the quartz-rich aspect. QLO-1 was digested 
in triplicate and analysed alongside the samples.  
The ICP-MS/MS employed for the REEs determination was an Agilent 8800 Triple 
Quadrupole ICP-MS (or ICP-QQQ, Agilent Technologies, USA), equipped with a 2.5 mm 
quartz torch, a Scott double-pass quartz spray chamber, a Micromist borosilicate glass 
concentric nebulizer and an ASX-520 autosampler. Four different acquisition modes were 
used: on-mass cell or direct mode with no reaction gas, He or H2 and indirect mass-shift mode 
using oxygen (O2) gas cell. As a default, the most abundant isotopes were selected. When 
more than one isotope was available, the preference was given to the ones less affected by 
isobaric interference. The O2 on mass-shift mode was used to compensate for possible 
interference. In order to reduce the isobaric and oxide interference due to matrix effect, 
especially  considering the high salt content deriving from Na2O2, the samples were diluted by 
a factor of 5000 (about 0.05% m/v solid content in solution) prior to analysis; whereas to 
minimise memory effects, several between-sample washing cycles with 1% nitric acid were 
used. The stability of the instrument was constantly monitored using the recoveries of two 
internal standards, 
103
Rh and 
115
In, which were between 80-100% throughout the analysis. In 
order to check reproducibility and accuracy, recalibration was performed every 15 samples. A 
typical sequence was then composed of eight calibration standards, blank, quality control 
standard, blank, 15 samples before the next recalibration step. An eight-point calibration 
curve from 0.25 g L-1 to 50 g L-1 was prepared using a 50 mg L-1 multi rare earth element 
standard (Sigma Aldrich) and each calibration standard was made up in 2% HNO3, in order to 
match the samples’ matrix. Data were evaluated using the MassHunter software. The 
instrumental parameters used for the analyses are reported in Table 1.  
Instrumental limits of detection (LODs) were evaluated according to U.S.EPA (1994) on 
blank samples (2 % HNO3). The formula used was LOD = t99% /b, where t99%  is the t-student 
value at 99% confidence interval,  is the standard deviation of minimum 10 blank 
measurements and b is the intercept. 
 
2.3. INAA determination 
 
All samples (about 100 mg) were irradiated in the RA–6 nuclear reactor (MTR type, 1 MW 
thermal power, Bariloche, Argentina) in plastic vials. Two irradiations were performed; a 
short term one (1-2 min) in a predominantly thermal neutron flux (2 10
12
 n cm
-2
 s
-1
) and a 
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long term (10 h) in a mixed flux (thermal–epithermal–fast; 2 1013, 7 1011, and 6 1012 n cm-2 s-
1
, respectively). Samples were transferred to fresh vials after the long term irradiation to avoid 
vial interferences. This procedure was not necessary after the short term one, given that no 
relevant short lived isotope was determined in vial material. Three gamma-ray spectra were 
collected after the short term irradiation, with 10, 15 and 60 min. decay times, and four ones 
after the long term, with 7, 10, 15 and 30 days decay times. A coaxial HPGe detector, 12% 
relative efficiency and 1.8 keV resolution at 1.33 MeV and a 4096-channel analysers, was 
used for gamma-ray counting. The absolute parametric method was used to determine the 
elemental concentrations using nuclear constants taken from existing tables (De Corte, 2003; 
Firestone and Shirley, 1996; Mughabghab et al.,, 1981; Mughabghab, 2003; Tuli, 2005). 
Thermal and epithermal neutron fluxes were determined by (n, ) reactions of Mn for the 
short term irradiation, and of the pair Co-Au for the long term irradiation, using high purity 
wires of Mn-Cu 80.2% alloy, and pure Co and 0.1% Au-Al alloy, respectively. Corrections 
for spectral interference were performed when necessary, as well as corrections due to 
contributions of 
235
U fission products, and 
54
Fe(n,α)51Cr reaction. Analytical errors depending 
on the nuclear parameters of each element, irradiation conditions and composition of the 
sample varied for each sample and element and were between 4 and 10%. Errors were 
computed as the propagation of the uncertainties associated with the nuclear parameters, the 
efficiency of the gamma–ray detection system, the neutron flux determinations, and the area 
of the specific emission considered, as well as the sample mass. The rare earth elements 
determined with the above mentioned conditions were (in parenthesis, the isotope and the 
gamma-ray emissions considered for analysis): Ce (
141
Ce; 145.44 keV), Dy (
165
Dy; 94.70 
keV), Eu (
152
Eu; 778.92, 1408.00 keV), La (
140
La; 328.76, 815.78, 1596.5 keV), Lu (
177
Lu; 
208.36 keV), Nd (
147
Nd; 91.10 keV), Sc (
46
Sc; 889.25, 1120.51 keV), Sm (
153
Sm; 103.18 
keV), Tb (
160
Tb; 879.37, 1177.94 keV), and Yb (
175
Yb; 282.52, 396.33 keV). Other elements 
of interest analysed were: Al (
28
Al; 1778.99 keV), Ba, (
131
Ba; 496.26 keV), Co (
60
Co; 
1173.24, 1332.50 keV), Cr (
51
Cr; 320.08 keV), Fe (
59
Fe; 1099.25, 1291.60 keV), Rb (
86
Rb; 
1076.69 keV), Ti (
51
Ti; 320.08 keV) U (
239
Np; 106.12 keV), V (
52
V; 1434.08 keV), Zn (
65
Zn; 
1115.52 keV), and Zr (
95
Zr; 756.73 keV). 
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3. Results and discussion 
 
3.1. Sample characterisation 
 
The diffraction analysis showed the presence of a combination of different minerals, although 
very similar patterns for samples and geological reference materials were observed. As shown 
in Figure 2, quartz was the dominant component of all samples, matching the geology of the 
area, as well as QLO-1 (65.6 Wt %). The RIR analysis always reported silicate as a main 
component, with scores above 50 for both standards and samples. Sample S2 showed the 
highest match with 86%, suggesting it was predominantly quartz. Other minerals likely to be 
present were muscovite (S1, S3 and S6), pyrite (S2) and albite (S4, S5). The elemental 
composition determined by INAA did not show particular strong differences between samples 
(Table 2) with the exception of S2 which contained lower concentrations of all elements and 
Cr up to 30 times (3.7 g kg
-1
) higher than the other samples.  
 
3.2. ICP-MS/MS analysis performance 
 
The REE isotopic masses selected for ICP-MS/MS determination were 
89
Y (100% 
abundance), 
139
La (99.9%), 
140
Ce (88.4%), 
141
Pr (100%), 
151
Eu and 
153
Eu (47.8% and 52.2%), 
159
Tb (100%), 
165
Ho (100%), 
169
Tm (100%) and 
175
Lu (97.4%). In the case of REEs 
presenting more than two isotopes, the choice was made following previous results reported 
by Olive et al., (2001) and Rousseau et al., (2013) and focused on the masses less affected by 
interferences. In particular, 
161
Dy and 
163
Dy (18.9% and 24.9% abundance); 
166
Er and 
167
Er 
(33.6% and 22.0%); 
155
Gd and 
157
Gd (14.8% and 15.6%); 
142
Nd, 
143
Nd, 
144
Nd and 
146
Nd 
(27.2%, 12.2%, 23.8 and 17.2%); 
147
Sm and 
149
Sm (15.0% and 13.8%); 
172
Yb and 
173
Yb 
(21.8% and 16.2%) were selected. Direct no-gas, He and H2 modes were used for most of the 
elements, following manufacturer recommendations. Indirect mass-shift mode was used to 
compensate for possible isobaric interference for Ce, Dy, Er, Gd, La, Lu and Nd (Table 3).  
The main problem encountered was with Sc determinations which gave high background 
levels and highly variable results, possibly because of the elevated Si content of the samples 
which could interfere as 
29
Si
16
O
+
 and/or 
28
Si
16
O
1
H
+
 on the only isotope 
45
Sc. Interference 
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from 
13
C
16
O2
+
 could also not be excluded. For this reason, Sc was not included in this study 
and will need further investigations.  
The instrumental limits of detection (LODs) were calculated for each selected ICP-MS/MS 
mass-mode combination and were between 4 and 14 pg g
-1
 and mostly below 10 pg g
-1
 (Table 
3). These results reflected or were lower than LODs found in previous works employing ICP-
MS, for instance by Nakamura and Chang (2007) in their study of ultramafic rocks ( 0.01-
0.08 ng g
-1
) and by Bayon et al. (2009) in their paper about various geological reference 
materials including granite, peridotite and marine sediments (0.003 to 0.24 ng g
-1
). Table 3 
also shows the background levels based on the blank measurements in counts per seconds 
(cps), which were mostly below 500 cps with higher values for Ce, La and Yb. 
The results obtained for the reference material U.S.GS QLO-1 for the selected masses and 
instrumental gas mode are shown in Figure 3. They were evaluated against the certified ones 
by comparing the absolute difference between the mean measured value and the certified one, 
m with its calculated uncertainty, Um (Linsinger 2005). The performance depended on the 
mass-mode combination selected. In particular results for Ce, Dy, Eu, La, Tb, Tm, Y and Yb 
determination were not significantly different from the certified ones (m ≤ Um)  for both 
direct and mass shift mode. Results for 
175
Lu no gas direct mode and 
142
Nd
16
O mass-shift 
mode were more accurate (lower bias) than the other mass-mode combinations for these 
elements, whereas all results for Sm were consistently lower than the certified ones. A marked 
difference was observed for 
155
Gd in He mode when compared to the other results for Gd, 
which reported a value three-fold higher than the other mass-mode combinations, 13.2  1.2 
mg kg
-1
 for 
155
Gd [He] against 3.7  1.2 mg kg-1 on average for the other results. Isobaric 
interference from Pr present at a concentration of 5.7  0.9 mg kg-1 is most likely the reason 
for this higher value..Results for Er, Ho and Pr could not be compared to certified or INAA 
values as these were not available, but all the mass-mode combinations for these elements 
gave similar values with a relative standard deviations below 15 % (Er = 2.0  0.2 mg kg-1; 
Ho = 0.73  0.15 mg kg-1; Pr = 5.7  0.9 mg kg-1). The results obtained for the selected mass-
mode combinations (Table 3) were finally averaged for each REE, having a measurement 
repeatability below 15%. 
In general, as reported in Table 4, the reference material recoveries obtained with the Na2O2 
fusion prior to ICP-MS/MS determination were between 80% and 98 %, with lower values for 
Sm and Nd. Regarding the recoveries obtained with INAA, they were between 94%-126% 
with higher values for Dy and Yb; these results complied nevertheless with the acceptable 
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parameters (m ≤ Um) when the measurement uncertainties, calculated as propagation of 
systematic and random errors (generally below 10%) is enlarged to 20%.  
 
3.3. REE concentrations  
 
Table 5 reports the concentrations of rare earth elements in the samples S1-S6 obtained using 
Na2O2 fusion coupled to ICP-MS/MS measurements and directly measured with INAA. As 
already observed with the reference material, the results were generally comparable between 
the two methods, with the exceptions of Ce, La and Nd for which INAA results were slightly 
higher, but still comparable to ICP-MS/MS results within their calculated error (1SD, n=3). 
The only exception was Dy and Lu in sample S6 which resulted for Na2O2 fusion/ ICP-
MS/MS nearly double the amount found with INAA. This could be due to contamination 
during the analysis or be related to the sample homogeneity. Although great care was taken in 
the milling and mixing process, sample heterogeneity especially at the low sample amount 
used for the analysis (0.1 to 0.3 g) cannot be completely excluded.  
As already observed in the sample characterisation, all reported similar REE concentrations, 
with the exception of S2 which contained very low amounts of rare earth elements. When we 
normalised the data to chondrite (Anders and Grevesse, 1989), all the quartz-rich samples 
collected in the Blaenau Ffestiniog mine area in North Wales (UK), showed a similar pattern 
of enrichment in lighter REE, decrease in middle REE and flattening in heavy REE (Figure 
4). The only exception was S2, showed in the top right corner of Figure 4, which contained 
the lowest REEs content and was almost entirely composed of quartz (from XRD analysis).  
In particular, one sample (S5) seemed to be more enriched in REEs, especially in Ce (266±7 
mg kg
-1
), La (127±4 mg kg
-1
), Nd (136±18 mg kg
-1
) and Y (184±12 mg kg
-1
), with a total 
REE amount at about 0.1% of the total weight.  At these levels, the area would be considered 
not economically viable for REE exploitation. However, a screening of a larger number of 
samples is advisable and should give a better understanding of the economic potential of this 
mining area. 
 
4. Conclusions 
 
A method employing Na2O2 fusion and an ICP-MS/MS instrumentation was used to measure 
rare earth element contents in quartz-rich geological samples. No specifically prepared 
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solutions were used during the analysis and no post-analysis correction factors were applied, 
in order to compensate for isobaric interference. The rock samples were simply dissolved with 
Na2O2, diluted to appropriate concentrations and measured with a Triple Quadrupole ICP-MS. 
The method accuracy, checked by analysing the geological reference material quartz-latite 
U.S.GS QLO-1 and by comparison to INAA data, was very good, with reported reference 
material recoveries between 80% and 98%. No-gas, He and H2 gas as well as the indirect O2 
mass-shift mode for Ce, Dy, Eu, Gd, La, Tb, Tm, Y and Yb reported accurate results. 
175
Lu no 
gas direct mode and 
142
Nd
16
O mass-shift mode presented a higher degree of accuracy, 
whereas all results for Sm were lower than the certified ones (about 20% lower). A noticeable 
exception was also 
157
Gd in He gas mode which reported very high values when compared to 
the reference ones. In general, all results were comparable with INAA measurements. Limits 
of detection below 10 pg g
-1
 for all elements were achieved and the measurement repeatability 
was in general below 15%. The only noticeable problem was observed for scandium (the only 
element that could not be included in this study) most probably because of silicon oxides 
interferences on the only 
45
Sc isotope, which dramatically biased the results. This would 
definitely need to be investigated further, together with a larger set of data, also from a 
different quartz-rich geological area. Overall, the Na2O2/ICP-MS/MS method was effectively 
employed to screen all lanthanides and Y and it could be a suitable lab-based method to 
rapidly and accurately check rock samples originating from quartz-rich geological areas for 
rare earth elements content, particularly for commercial purposes. 
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Figure captions 
 
Figure 1. Map of the Blaenau Ffestiniog area in North Wales, UK (top right) with detailed 
the six collection points (S1-S6). 
Figure 2. Diffraction patterns for reference material QLO-1 and collected samples S1-S6. 
Dashed lines highlight the main diffraction patterns for hexagonal quartz SiO2 
(Hanawalt et al., 1938). 
Figure 3. Na2O2 fusion/ICP-MS/MS results for the reference materials U.S.GS QLO-1 for 
each selected isotopic mass, shown as mean value () and error bars  (n=3 
digests). Dashed lines are the certified values and uncertainties. 
Figure 4. Chondrite-normalised REE diagram (Anders and Grevesse, 1989) for the six rock 
samples S1-S6 collected in the Blaenau Festiniogg mine area (North Wales, UK). 
The data used are the ones from Table 5, Na2O2 fusion/ICP-MS-MS (or ICP). 
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Table 1. Triple Quadrupole ICP-MS parameters selected for the analyses. 
 
Instrumental Parameters 
RF power/W 1550 
Carrer gas/ L min
-1
 1.21 
Nebuliser/rps 0.10 
He flow rate/ mL min
-1
 3.5 
H2 flow rate/ mL min
-1
 3.4 
O2 flow rate/% 40 
Energy discrimination/V 0.0 (no gas/H2); 5.0 V (He); -7.0 (O2) 
Internal standards 
103
Rh, 
115
In 
Sample uptake/mg min
-1
 0.7 
Acquisition mode Pulse/Analogic 
Integration time/s 0.1 
Replicate 5 
Calibration 8-point, external 
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Table 2. Elemental composition of the collected samples as determined by INAA. 
 
Element S1 S2 S3 S4 S5 S6 QLO-1 QLO-1
*
 
Al (Wt%) 12.5  
0.5 
<2 3.2  
0.1 
10.8  
0.4 
7.1  
0.3 
6.7  
0.3 
9.0  
0.4 
8.6  
0.1 
Ba (mg 
kg
-1
) 
637  
61 
<15 331  
51 
574  
59 
450  
60 
160  
24 
1460  
120 
1370  
80 
Co (mg 
kg
-1
) 
26  1 32  1 28  1 37  1 13.7  
0.4 
8.5 
0.3 
7.7  
0.3 
7.2  
0.5 
Cr (mg 
kg
-1
) 
111  
5 
3410  
150 
840  
30 
104  
4 
510  
20 
814  
31 
2.5  
0.6 
3.2  
1.7 
Fe (Wt%) 6.2  
0.3 
1.4  
0.1 
30  2 9.4  
0.5 
9.1  
0.5 
0.56  
0.03 
3.1  
0.2 
3.0  
0.1 
Rb (mg 
kg
-1
) 
197  
11 
1.0  
0.3 
63  8 165  
10 
104  8 33  3 71  4 74  3 
Ti (mg kg
-
1
) 
0.6  
0.1 
<0.03 0.21  
0.02 
0.7  
0.1 
0.36  
0.06 
0.18  
0.04 
0.43  
0.09 
0.37  
0.02 
U (mg kg
-
1
) 
3.1  
0.3 
0.03  
0.01 
6.1 
0.6 
3.4  
0.4 
3.9  
0.9 
2.2  
0.3 
2.1  
0.2 
1.9  
0.1 
V (mg kg
-
1
) 
159  
12 
11.7  
0.7 
6.5  
1.8 
133  
11 
16  4 12  4 46  9 54  6 
Zn (mg 
kg
-1
) 
117  
7 
5.6  
0.7 
80  10 182  
4 
72  8 21  4 68  5 61  3 
Zr (mg kg
-
1
) 
263  
75 
13  6 520  
170 
234  
91 
800  
170 
400  
86 
220  
50 
185  
16 
* 
Certified values. 
Values after  represent the analytical uncertainty for INAA, and the reported uncertainty for 
QLO-1. 
 
  
16 
 
 
 
Table 3. Selected isotopic masses, instrumental limits of detection (LOD) in 0.2% HNO3, 
instrumental background levels (n = 10) and possible polyatomic interferences 
occurring during the analyses. 
 Mode  LOD (pg g
-1
)  Bkg (cps) 
Main 
polyatomic 
interference 
 
no-
gas 
He H2 O2  
no
-
ga
s 
H
e 
H2 
O
2 
 
no-
gas 
He H2 O2 
C
e 
140
C
e 
140
C
e 
140
C
e 
140
Ce
16
O 
 10 14 11 
1
0 
 220 120 540 620  
D
y 
  
161
D
y 
161
Dy
1
6
O 
   10 4    20 20 
145
Nd
16
O
+ 
 
163
D
y
 
163
D
y
 
163
D
y
 
163
Dy
1
6
O
  7 8 8 8  100 90 50 30 
147
Sm
16
O
+
 
Er 
166
E
r 
166
Er 
166
Er 
166
Er
16
O 
 7 7 7 5  200 160 110 30 
150
Sm
16
O
+
 
   
167
Er 
167
Er
16
O 
   6 5    80 20 
151
Eu
16
O
+
 
E
u 
  
151
E
u 
    9     80  
135
Ba
16
O
+
 
 
153
E
u 
153
E
u 
153
E
u 
  9 7 8   300 200 80  
137
Ba
16
O
+
 
G
d 
  
155
G
d 
155
Gd
1
6
O 
   6 5    90 20 
139
La
16
O
+
 
 
157
G
d 
157
G
d
§
 
157
G
d 
157
Gd
1
6
O 
 7 9 7 7  100 40 40 20 
141
Pr
16
O
+
 
H
o 
165
H
o 
165
H
o 
165
H
o 
  5 10 8   500 300 200  
149
Sm
16
O 
L
a 
139
L
a 
139
L
a 
139
La 
139
La
16
O 
 13 8 9 9  
180
0 
900 
100
0 
120
0 
 
L
u 
175
L
u 
175
L
u 
175
L
u 
175
Lu
16
O 
 4 4 6 8  300 80 60 100 
159
Tb
16
O
+
 
N
d 
  
143
N
d 
    11     30   
    
142
Nd
1
6
O 
    7     160  
    
143
Nd
1
6
O 
    9     40 
96
Ru
16
O3
+ 
    
144
Nd
1
6
O 
    6     70 
 
 
146
N
d 
146
N
d 
146
N
d 
  6 7 7   150 80 50   
Pr 
141
P
r 
141
Pr 
141
Pr   9 5 8   450 120 90   
Sc 
45
Sc 
45
Sc 
45
Sc   
n.
c. 
n.
c. 
n.
c. 
  
3•1
0
4
 
2•1
0
4 
9•1
0
4
 
 
13
C
16
O2
+
;
12
C
16
O2
1
H
+ 
29
Si
16
O
+
; 
28
Si
16
O
1
H
+
 
S
m 
147
S
m 
147
S
m 
147
S
m 
  8 7 5   90 50 50  
99
Ru
16
O3
+
 
   
149
S
m 
    7     40  
101
Ru
16
O3
+
 
17 
 
 
T
b 
159
T
b 
159
T
b 
159
T
b 
  9 4 4   100 80 50  
143
Nd
16
O
+
 
T
m 
169
T
m 
169
T
m 
169
T
m
§
 
  8 4 6   200 80 50  
153
Eu
16
O
+
 
Y 
89
Y 
89
Y 
89
Y   8 11 9   200 180 190   
Y
b 
172
Y
b 
172
Y
b
§
 
172
Y
b 
  6 6 10   700 600 400  
156
Gd
16
O
+
 
   
173
Y
b 
    8     300  
157
Gd
16
O
+
 
§
Isotopic masses discarded. 
n.c. LOD values for Sc were not calculated. 
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Table 4. Results obtained for the reference material quartz-latite U.S.GS QLO-1 in g g-1. 
ICP-MS/MS data are average of all selected mass-mode combinations for a specific 
element ± 1σ. 
 
  Certified INAA Na2O2 fusion/ICP-MS/MS 
Ce  54  6 58  3 50  8 
Dy  3.8  0.3 4.8  0.5 3.3  0.4 
Er   - 2.0  0.2 
Eu  1.43  0.12 1.38  0.06 1.2  0.2 
Gd  - - 3.7  0.5 
Ho  - - 0.73  0.15 
La  27  2 29.4  0.8 26  4 
Lu  0.37  0.4 0.37  0.03 0.31  0.07 
Nd
¥
  26 28  2 21  3 
Pr  - - 5.7  0.9 
Sc  - 9.7  0.3 - 
Sm  4.9  0.2 4.9  0.3 3.9  0.5 
Tb  0.71  0.07 0.67  0.05 0.7  0.1 
Tm
¥
  0.37  0.04 - 0.30  0.06 
Y  24  3 - 22  4 
Yb  2.3  0.2 2.7  0.3 2.1  0.3 
¥
 indicates values which have been reported as informative only 
by 
the U.S. Geological Survey (USA). 
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Table 5. Rare earth element concentrations in g g-1 (n=3)  1σ in samples S1-S6 measured 
with Na2O2 fusion/ICP-MS/MS, and INAA. 
 
 S1 S2 S3 S4 S5 S6 
 ICP 
INA
A 
ICP INAA ICP 
INA
A 
ICP 
INA
A 
ICP 
INA
A 
ICP 
INA
A 
C
e 
114
±15 
125±
6 
1.4±0
.1 
1.5±0.
3 
124±
9 
111±
6 
125±
22 
146±
8 
266±
7 
261
±13 
123±
13 
130
±6 
D
y 
6.5±
0.5 
7.2±0
.7 
0.33±
0.02 
0.33±0
.03 
26±2 25±2 
8.1±
0.9 
11±1 29±1 
28±
2 
22.1
±0.5 
14±
1 
E
r 
3.6±
0.2 
 
0.15±
0.01 
 18±1  
4.2±
0.5 
 
17.0
±0.5 
 
15.0
±0.2 
 
E
u 
1.9±
0.2 
1.9±0
.1 
0.11±
0.01 
0.10±0
.01 
1.8±
0.2 
1.6±
0.2 
2.0±
0.1 
2.3±0
.1 
4.7±
0.1 
4.5±
0.2 
1.8±
0.7 
2.3±
0.1 
G
d 
7.7±
0.7 
 
0.35±
0.05 
 
18.7
±1.4 
 
8.9±
0.5 
 30±1  
15.5
±0.5 
 
H
o 
1.3±
0.1 
 
0.07±
0.01 
 
6.4±
0.8 
 
1.7±
0.2 
 
6.2±
0.5 
 
5.2±
0.4 
 
L
a 
56±
8 
59±2 
0.62±
0.1 
0.48±0
.02 
55±4 46±1 
49±1
4 
60±2 
127±
4 
121
±3 
47±1
2 
59±
2 
L
u 
0.6±
0.1 
0.47±
0.05 
0.02±
0.01 
0.012±
0.001 
2.8±
0.3 
2.1±
0.2 
0.7±
0.1 
0.68±
0.06 
2.6±
0.2 
2.2±
0.2 
2.3±
0.2 
1.1±
0.1 
N
d 
49±
10 
59±5 
0.7±0
.1 
0.50±0
.17 
61±9 47±5 
49±1
2 
63±5 
136±
18 
145
±13 
51±1
2 
65±
5 
Pr 
13±
2 
 
0.20±
0.03 
 16±2  14±2  33±3  13±2  
S
c
* 
 
21.4±
0.6 
 
0.24±0
.01 
 
27.3
±0.7 
 
21.6±
0.5 
 
54±
1 
 
26±
0.6 
S
m 
9±1 
9.4±0
.6 
0.22±
0.05 
0.21±0
.01 
15±3 
12.1
±0.8 
10.1
±2.2 
12.1±
0.8 
30±1 
29±
2 
12.8
±0.9 
14±
0.8 
T
b 
1.2±
0.1 
1.1±0
.1 
0.06±
0.01 
0.05±0
.01 
3.8±
0.8 
2.8±
0.2 
1.5±
0.5 
1.6±0
.1 
4.9±
0.2 
4.1±
0.3 
3.2±
0.9 
2.0±
0.1 
T
m 
0.6±
0.1 
 
0.03±
0.01 
 
3.1±
0.5 
 
0.7±
0.1 
 
2.7±
0.4 
 
2.5±
0.4 
 
Y 
37±
4 
 
2.0±0
.1 
 
179±
18 
 48±7  
184±
12 
 
156±
13 
 
Y
b 
3.2±
0.5 
3.7±0
.3 
0.12±
0.02 
0.12±0
.01 
17±1 15±1 
4.5±
0.5 
4.9±0
.5 
15.4
±0.8 
16±
1 
10±1 
7.3±
0.6 
*Values for Sc with Na2O2/ICP-MS/MS are not presented 
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Highlights 
 Na2O2 fusion coupled to ICP-MS/MS was used to determine REE in quartz-rich 
samples 
 The method accuracy was checked with a geological reference material and INAA 
 Results were within 80-98% recovery of QLO-1 reference material, comparable to 
INAA 
 Detection limits were generally below 10 pg g-1, and repeatability was below 15% 
 Na2O2/ICP-MS/MS proved to be a suitable method for REE in quartz-rich samples 
 
 
